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(57) ABSTRACT

A method includes designing a lower completion string for
a multi-stage hydraulic fracturing job for a wellbore drilled
into a subterrancan zone. The lower completion string
includes a plurality of stages and a plurality of packers
configured to 1solate each of the stages. Each stage of the
plurality of stages 1includes a respective tubular stage assem-
bly, and each stage 1s configured to be placed within a
respective one of a plurality of frac intervals of the wellbore
defined by the plurality of packers. Designing the lower
completion string includes, for each stage of the plurality of
stages, receiving a measured hole diameter of the respective
one of the plurality of frac intervals and performing an axial
safety factor analysis of the stage. The axial safety factor
analysis includes a comparison of a yield strength 1n tension
or compression of the respective tubular stage assembly of
the stage with calculated effective axial tensile or compres-
s1ve forces to which the respective tubular stage assembly of
the stage would be subject when positioned 1n the frac
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interval in the wellbore. The axial safety factor analysis uses
a predicted anchored status of the lower completion string,

which includes an extent to which the respective tubular
stage assembly would be predicted to elongate or contract
when the lower completion string 1s positioned in the
wellbore and the plurality of packers are set. The axial safety
tactor analysis also uses a distance between a first packer of
the plurality of packers 1solating the stage and a second
packer of the plurality of packers 1solating the stage, and the
measured hole diameter of the respective frac interval. The
method also includes determining that the axial safety factor
analysis for each stage of the plurality of stages satisfies a
threshold and, in response to the determining that the
threshold 1s satisfied for each stage of the plurality of stages,
inserting the lower completion string 1nto the wellbore and
performing the multi-stage hydraulic fracturing job.
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MAINTAINING INTEGRITY OF LOWER
COMPLETION FOR MULTI-STAGE
FRACTURING

TECHNICAL FIELD

This disclosure relates to completion design for produc-
tion of hydrocarbons from underground reservoirs.

BACKGROUND

Horizontal drilling and completion advances in tight
oi1l/gas and shales have allowed access to significant new
resources both in existing fields and new plays. Open-hole
multi-stage fracturing (MSF) technologies using ball oper-
ated sleeves and open-hole packers have generally been
cllective 1n delivering high productivity wells, worldwide.
In some situations, the wells completed with open-hole MSF
experience deformation in certain sections of the liner
during fracturing operations. Pipe deformation aflects the
wellbore 1ntegrity resulting 1n a loss of liner drift along the
wellbore and, 1n some cases, loss of zonal 1solation.

SUMMARY

This disclosure describes methods, systems, and appara-
tus for designing a well completion and completing a well
drilled 1nto a subterranean formation.

Certain aspects of the subject matter herein can be 1mple-
mented as a method. The method includes designing a lower
completion string for a multi-stage hydraulic fracturing job
for a wellbore drilled 1nto a subterrancan zone. The lower
completion string includes a plurality of stages and a plu-
rality of packers configured to 1solate each of the stages.
Each stage of the plurality of stages includes a respective
tubular stage assembly, and each stage 1s configured to be
placed within a respective one of a plurality of frac intervals
of the wellbore defined by the plurality of packers. Design-
ing the lower completion string includes, for each stage of
the plurality of stages, receiving a measured hole diameter
of the respective one of the plurality of frac intervals and
performing an axial safety factor analysis of the stage. The
axial safety factor analysis includes a comparison of a yield
strength 1n tension or compression of the respective tubular
stage assembly of the stage with calculated effective axial
tensile or compressive forces to which the respective tubular
stage assembly of the stage would be subject when posi-
tioned 1n the frac interval 1n the wellbore during the multi-
stage hydraulic fracturing job. The axial safety factor analy-
s1s uses a predicted anchored status of the lower completion
string, which includes an extent to which the respective
tubular stage assembly would be predicted to elongate or
contract when the lower completion string i1s positioned 1n
the wellbore and the plurality of packers are set. The axial
safety factor analysis also uses a distance between a first
packer of the plurality of packers 1solating the stage and a
second packer of the plurality of packers 1solating the stage,
and a measured hole diameter of the respective frac iterval.
The method also includes determining that the axial safety
factor analysis for each stage of the plurality of stages
satisiies a threshold and, 1n response to the determining that
the threshold 1s satisfied for each stage of the plurality of
stages, mserting the lower completion string into the well-
bore and performing the multi-stage hydraulic fracturing
10b.

An aspect combinable with any of the other aspects can
include the following features. The distance between the first
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packer of the plurality of packers 1solating the stage and the
second packer of the plurality of packers 1solating the stage
changes due to axial stress.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a range of possible
borehole temperatures of the respective frac interval, the
range being at least about 15% greater or less than a
calculated expected borehole temperature of the respective
frac interval.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a range of possible
reservoir pressures at the respective frac interval, the range
being at least about 10% greater or less than a predicted
reservoir pressure at the respective frac interval.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a predicted time
delay between 1njection of frac fluid from a first stage of the
plurality of stages and injection of frac fluid from a second
stage of the plurality of stages, wherein the stage 1s the
second stage.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a measured dog-leg
severity of the respective one of the plurality of frac inter-
vals.

Certain aspects of the subject matter herein can be 1mple-
mented as a computer-implemented method. For a design for
a lower completion string for a multi-stage hydraulic frac-
turing job 1n a wellbore drilled 1nto a subterranean zone, the
lower completion string including a plurality of stages and
a plurality of packers configured to 1solate each of the stages,
cach stage of the plurality of stages including a respective
tubular stage assembly, each stage configured to be placed
within a respective one of a plurality of frac intervals of the
wellbore defined by the plurality of packers, the computer-
implemented method includes, for each stage of the plurality
ol stages receiving a measured hole diameter of the respec-
tive one of the plurality of frac intervals. The method also
includes performing, for each stage of the plurality of stages,
an axial safety factor analysis of the stage, including a
comparison of a vield strength 1n tension or compression of
the respective tubular stage assembly of the stage with
calculated eflective axial tensile or compressive forces to
which the respective tubular stage assembly of the stage
would be subject when positioned in the frac interval in the
wellbore during the multi-stage hydraulic fracturing job.
The axial safety factor analysis uses a predicted anchored
status of the lower completion string, which includes the
extent to which the respective tubular stage assembly would
be predicted to elongate or contract when the lower comple-
tion string 1s positioned 1n the wellbore and the plurality of
packers are set. The axial safety factor analysis also uses a
distance between a first packer of the plurality of packers
1solating the stage and a second packer of the plurality of
packers 1solating the stage, and the measured hole diameter
of the respective of the plurality of frac intervals. The
method also includes determining that the axial safety factor
analysis for each stage of the plurality of stages satisfies a
threshold and, 1 response to the determining that the
threshold 1s satisfied, outputting an analysis that the axial
safety factor analysis for the plurality of stages satisfies the
threshold.

An aspect combinable with any of the other aspects can
include the following features. The distance between the first
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packer of the plurality of packers 1solating the stage and the
second packer of the plurality of packers 1solating the stage
changes due to axial stress.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety 5
factor analysis of the stage uses a range of possible borehole
temperatures of the respective frac interval, range being at
least about 15% greater or less than a calculated expected
borehole temperature of the respective frac interval.

An aspect combinable with any of the other aspects can 10
include the following features. Performing the axial safety
factor analysis of the stage further uses a range of possible
reservoir pressures at the respective frac interval, the range
being at least about 10% greater or less than a predicted
reservoir pressure at the respective frac interval. 15

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a predicted time
delay between 1njection of frac fluid from a first stage of the
plurality of stages and injection of frac fluid from a second 20
stage of the plurality of stages, wherein the stage 1s the
second stage.

An aspect combinable with any of the other aspects can
include the following features. The method also includes
receiving a measured dog-leg severity of the respective one 25
of the plurality of stages, and wherein performing the axial
safety factor analysis of the stage further uses the measured
dog-leg severity.

An aspect combinable with any of the other aspects can
include the following features. The method also includes, 1n 30
response to the determining that the threshold 1s not satis-
fied, outputting alarm that the axial safety factor analysis for
the plurality of stages does not satisiy the threshold.

Certain aspects of the subject matter herein can be imple-
mented as a non-transitory computer readable medium stor- 35
ing computer nstructions, executable by one or more pro-
cessors to perform operations. For a design for a lower
completion string for a multi-stage hydraulic fracturing job
in a wellbore, the lower completion string including a
plurality of stages and a plurality of packers configured to 40
1solate each of the stages, each stage of the plurality of stages
including a respective tubular stage assembly, each stage
configured to be placed within a respective one of a plurality
of frac intervals of the wellbore defined by the plurality of
packers, the operations include, for each stage of the plu- 45
rality of stages, recerving a measured hole diameter of the
respective one of the plurality of frac intervals. The opera-
tions lurther include performing, for each stage of the
plurality of stages, an axial safety factor analysis of the
stage, the axial safety factor analysis including a comparison 50
of a yield strength in tension or compression of the respec-
tive tubular stage assembly of the stage with calculated
cellective axial tensile or compressive forces to which the
respective tubular stage assembly of the stage would be
subject when positioned 1n the frac interval in the wellbore 55
during the multi-stage hydraulic fracturing job. The axial
safety factor analysis uses a predicted anchored status of the
lower completion string, which includes the extent to which
the respective tubular stage assembly would be predicted to
clongate or contract when the lower completion string 1s 60
positioned 1n the wellbore and the plurality of packers are
set. The axial safety factor analysis also uses a distance
between a first packer of the plurality of packers 1solating the
stage and a second packer of the plurality of packers
isolating the stage and the measured hole diameter of the 65
respective of the plurality of frac intervals. The operations
also 1nclude determining that the axial safety factor analysis

4

for each stage of the plurality of stages satisfies a threshold
and, 1 response to the determining that the threshold 1is
satisfied, outputting an analysis that the axial safety factor
analysis for the plurality of stages satisfies the threshold.

An aspect combinable with any of the other aspects can
include the following features. The distance between the first
packer of the plurality of packers 1solating the stage and the
second packer of the plurality of packers 1solating the stage
changes due to axial stress.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a range of possible
borehole temperatures of the respective frac interval, the
range being at least about 15% greater or less than a
calculated expected borehole temperature of the respective
frac interval.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a range of possible
reservoir pressures at the respective frac interval, the range
being at least about 10% greater or less than a predicted
reservolr pressure at the respective frac interval.

An aspect combinable with any of the other aspects can
include the following features. Performing the axial safety
factor analysis of the stage further uses a predicted time
delay between 1njection of frac fluid from a first stage of the
plurality of stages and injection of frac fluid from a second
stage of the plurality of stages, wherein the stage 1s the
second stage.

An aspect combinable with any of the other aspects can
include the following {features. The operations further
include receiving a measured dog-leg severity of the respec-
tive one of the plurality of stages, and wherein performing
the axial safety factor analysis of the stage further uses the
measured dog-leg severity.

An aspect combinable with any of the other aspects can
include the {following {features. The operations further
include, 1n response to the determining that the threshold 1s
not satisfied, outputting alarm that the axial safety factor
analysis for the plurality of stages does not satisiy the
threshold.

The details of one or more implementations of the subject
matter of this disclosure are set forth 1n the accompanying,
drawings and the description. Other features, aspects, and
advantages of the subject matter will become apparent from
the description, the drawings, and the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic diagram of a system for performing,
a multi-stage hydraulic fracturing job of a subterrancan
formation, 1n accordance with an embodiment of the present
disclosure.

FIG. 2 1s an 1llustration of an analysis of principal stresses
on a tubular of a stage of a multi-stage lower completion
string, 1n accordance with an embodiment of the present
disclosure.

FIGS. 3A-3B are a process tlow diagram of a method for
designing a lower completion string of a multi-stage hydrau-
lic fracturing system, 1n accordance with an embodiment of
the present disclosure.

FIG. 4 1s an illustration of calculated axial loads affecting
a stage of a multi-stage hydraulic frac job 1n accordance with
an embodiment of the present disclosure.
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FIG. 5 1s an 1llustration of calculated axial loads affecting
a stage of a multi-stage hydraulic frac job 1n accordance with
an embodiment of the present disclosure.

DETAILED DESCRIPTION

This disclosure describes systems and methods to avoid
tubular deformation of a lower completion string during
multi-stage hydraulic {fracturing operations. In some
embodiments, the completion 1s an open-hole multi-stage
fracturing (OH-MSF) completion. Pipe deformation in the
lower completion can range from being a distortion in the
shape of the pipe; 1.e. a reduction in internal diameter of the
pipe to splitting of the pipe. These solutions provide a
mechanism to manage the downhole forces to relieve the
tubular from deformation during the application of loads. By
being able to avoid pipe deformation on a well, fracturing
costs will be reduced, well integrity and safety of operations
will be improved, and wellbore accessibility during the life
of the well will be provided.

A well completion can be divided into two parts: the
“lower completion” and the “upper completion.” The lower
completion 1s the part that communicates with the producing
formation; for example, n an OH-MSF completion the
production liner 1s run with fracturing sleeves and open-hole
packers in the open-hole with no cement around the liner.
The open-hole packers help compartmentalize the wellbore
into pay zones of interest and the fracturing sleeves serve as
points to access the formations 1n those selective compart-
ments for fracture initiation.

FIG. 1 1s a schematic diagram of a system 100 for
performing a multi-stage hydraulic fracturing job (“frac
10b”) of a subterranecan formation 102, 1n accordance with an

embodiment of the present disclosure. Referring to FIG. 1,
a wellbore 104 has been drilled 1nto a subterranean forma-
tion 102 from wellhead 190. Casing 170 has been cemented
in the earlier upper hole section, which also 1includes upper
completion string 106. Lower completion string 108 has
been lowered into wellbore 104 and 1s suspended from liner
hanger packer 111. Lower completion string 108 1ncludes a
plurality of stages. In the illustrated embodiment, lower
completion string 108 includes five stages: first stage 112,
second stage 114, third stage 116, fourth stage 118, and fifth
stage 120. In some embodiments, a greater or lesser number
of stages 1s included in the lower completion string. This
liner section 1s tied back to the surface from liner hanger
packer 111 and wellhead 190. A polished bore receptacle can
be run above liner hanger packer 111 which provides a
mating dock to latch the tie-back seal assembly 110 that
connects lower completion string 108 to the wellhead.
Upper completion tubing 138 connects tie-back seal assem-
bly 110 to the surface.

Each stage is 1solated from the other stages by one or
more a packers. In the 1llustrated embodiment, first stage 112
at the toe end of wellbore 104 1s 1solated by first packer 122.
Second stage 114 1s 1solated by first packer 122 and second
packer 124, third stage 116 1s 1solated by second packer 124
and third packer 126, and fourth stage 118 1s 1solated by third
packer 126 and fourth packer 128. Fifth stage 120 1s 1solated
by fourth packer 128 and liner hanger and packer assembly
110. In some embodiments, the last stage 1solated by the
liner hanger and packer assembly may not be included. In
some embodiments, packers 122, 124, 126, and 128 are
open-hole packers. Open-hole packers can be activated by
hydraulic pressure, be of inflatable type or of expandable
metal or passive expansion of the packer in the presence of
wellbore fluid, such as swell packers.
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The plurality of packers 1solating the stages define frac-
ture intervals, which are the respective zones or segments of
wellbore 104 into which fracturing fluid (*frac fluid”) from
cach respective stage 1s injected 1nto subterranean formation
102. In the 1llustrated embodiment, first stage 112 1s con-
figured to be placed within first frac interval 142, second
stage 114 1s configured to be placed within second frac
interval 144, third stage 116 1s configured to be placed
within third frac interval 146, fourth stage 118 1s configured
to be placed within fourth frac interval 148, and fifth stage
120 1s configured to be placed within fifth frac interval 150.

Each of stages 112, 114, 116, 118, and 120 includes a
respective tubular stage assembly comprising sliding frac
sleeves 182a, 18256, 182¢, 1824, and 182e, respectively. The
tubular stage assembly of a stage can also include one or
more segments of liner 184 connecting the sliding frac
sleeves of the stage with the respective packers (122, 124,
126, and 128) isolating the stage. The tubular stage assem-
blies of each stage further include various connections (for
example, threaded connections) connecting the segments of
liner 184 with the sliding frac sleeves and/or the packers
1solating the respective stage. The tubular stage assembly of
fifth stage 120 includes a segment of liner 184 connecting
the sliding frac sleeve 182¢ of fifth stage 120 to liner hanger
and packer assembly 110.

After inserting lower completion 108 1n the wellbore, the
multi-stage frac job can be performed. In the illustrated
embodiment, a ball-drop type sleeve 1s shown; in other
embodiments, other methods of sleeve actuation may be
utilized instead of or in addition to a ball-drop type sleeve
(for example, darts, RFID chips, and/or mechanical shifting
tools). The frac sleeve system allows access to the multiple
fracture intervals within the open-hole wellbore, and 1ts ball
activation feature enables sleeves to be actuated without
intervention from surface. In this process, a specific ball
sizes are sequentially dropped from surface and pumped
down to the respective sliding sleeves 182 of each stage. In
some embodiments, sliding sleeve 182a of first stage 112
can be a pressure activated sleeve that doesn’t require a ball
for activation. By applying pressure, sliding sleeve 182a of
first stage 112 1s moved and a frac port 1s exposed that
provides a connection between the inside of the liner and
first frac interval 142. After sliding sleeve 182a of {irst stage
112 has been opened, frac fluid 160 1s injected through the
frac ports of sliding frac sleeve 182a of first stage 112 to
create fractures 162 in subterranean formation 102 in first
frac interval 142. After fractures 162 have been created 1n
first frac mterval 142, a ball 136 1s dropped 1nto the wellbore
and lodges 1n a seat of sliding frac sleeve 1825 of second
stage 114. By applying pressure sleeve 1825 of second stage
114 1s moved and a frac port 1s exposed that provides a
connection between the inside of the liner and second frac
interval 144. This pathway allows for second frac interval
144 to be hydraulically fractured by injection of frac tluid
160 to create fractures 162. This same ball also provides
internal 1solation between the first stage and the second
stage.

At the conclusion of second stage fracturing, a second ball
of a larger diameter than the first ball 1s dropped and lands
in the sliding sleeve 182¢ of third stage 116. By pressuring
the wellbore, the second ball moves the frac sleeve and
allows for third frac interval 146 to be fractured. At the
conclusion of third stage fracturing, a third ball of a larger
diameter than the second ball 1s dropped which lands in the
sliding sleeve 182d of fourth stage 118. By pressuring the
wellbore, the third ball moves the frac sleeve and allows for
tourth frac iterval 148 to be fractured. At the conclusion of
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fourth stage fracturing, a fourth ball of a larger diameter than
the third ball 1s dropped which lands 1n the shiding sleeve
182¢ of fifth stage 120. By pressuring the wellbore, the
fourth ball moves the frac sleeve and allows for fifth frac
interval 150 to be fractured. After all fracturing has been
completed for all five stages, hydrocarbons can be produced
from the well.

System 100 further includes computer system 192 which
can perform various functions relating to the design and
operation of system 100 1n accordance with embodiments of
the present disclosure, including but not limited to the design
of the lower completion string 108 as described further 1n
reference to FIGS. 3A-3B. Computer system 192 can be
configured to receive certain information regarding wellbore
104, including but not limited to a measured diameter of
wellbore 104 at each of frac intervals and the dog-leg
severity of the frac intervals. Computer system 192 can 1n
some embodiments be located at or near the wellsite for
wellbore 104 or can be at a location remote from the wellsite
(such as an oflice). Computer system 192 can include one or
more processors, and a computer-readable medium (for
example, a non-transitory computer-readable medium) stor-
ing computer instructions executable by the one or more
processors to perform operations.

In designing a lower completion string, such as lower
completion string 108 of system 100, avoidance of tubular
deformation 1s an important consideration. Tubular defor-
mation can present a particular problem in an open-hole,
multiple packer arrangement in a horizontal well such as
system 100. Repetitive pressure and temperature cycles can
create cyclic stress load normally not experienced in con-
ventional, single stage fracturing jobs.

There are four possible failure modes for a tube:

1. Parting of the tubing under axial load.

2. Bursting of the tubing due to internal pressure.

3. Collapse of the tubing under external pressure.

4. When the combined stress, or triaxial stress, exceeds
the yield stress of the tubing.

In considering tubular deformation, the influence of ther-
mal loading and pressure prediction across open-hole pack-
ers, fundamental tribology associated with open-hole pack-
ers, and other variables that contribute to failures, can be
considered. Such other variables can include packer setting
depth, reference position of frac sleeves and open-hole
anchors, bottom hole temperature during treatment, lower
completion design, dog-leg severity, and enlarged hole size
influence.

The forces applied on a production packer changes with
changing bottomhole conditions (for example, changes 1n
pressure and temperature) resulting from normal operations
like production, injection, shut-in, pressure testing of the
completion, hydraulic fracturing, etc. The changes 1n pres-
sure and temperature make the tubing connected to the
packer to contract or expand (1.e. length change) and 1if the
tubing 1s fixed (i.e. not allowed to move) and 1t reaches the
movement limit, the additional load can deform or cork-
screw the tubing or cause packer failure. This consideration
becomes even more complicated when dealing with a mul-
tiple packer arrangement in a horizontal well as a number of
additional variables come into play. For example, in an
open-hole environment the hole size 1s not necessarily
uniform and this by itself can have significant variations on
the forces applied on open-hole packers. Packers are gen-
erally designed to set in symmetrical wellbores but with
non-uniform wellbore diameters 1in horizontal wells the
packer will adjust 1ts form to the hole eccentricity which can
reduce the stress limits of the packer.
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The equations used for calculating forces, such as tubing
axial load, piston eflect, tubing-to-packer force, and packer-
to-casing force, are established but can be complicated by
the pressure discontinuity and axial load discontinuity that
occurs during different phases of well operations. In multi-
stage fracturing operations, the problem becomes extremely
complex due to the high frequency of changing operations
and the time delays between the various stages which puts
the packer element at varying load conditions. In multi-stage
fracturing operations, the fluids pumped are of different
densities and wviscosities resulting 1n changing hydraulics
and wellbore temperatures leading to varying applied forces
on the packers and tubulars. Resolving these complications
for each stage can be advantageous.

FIG. 2 1s an illustration of an analysis 200 of principal
stresses on a tubular of a stage of a multi-stage lower
completion string, 1n accordance with an embodiment of the
present disclosure. An acceptable axial design would not
exceed the American Petroleum Institute (API) published
stress limits and the von Mises yield criteria for the tubulars.
Furthermore, the strength of the connections between the
tubulars and other components (such as packers and sleeve
components) of the stage should be considered. Referring to
FIG. 2, vertical axis 202 corresponds to the differential
pressure applied across a tubular and horizontal axis 204
corresponds to axial stress applied on the tubular. An accept-
able stage design would need to fall within design limit 212,
which as plotted does not exceed API standard stress limit

206, Von Mises ellipse 208, and connection yield limitations
210.

FIGS. 3A-3B are a process flow diagram of a method 300
for designing a lower completion string of a multi-stage
hydraulic fracturing system, 1n accordance with an embodi-
ment of the present disclosure. The method begins at step
302 with the creation of a proposed upper and lower
completion design, including tubular sections, packers, and
sleeves and their respective connections and proposed loca-
tions and configurations.

Proceeding to step 304, an axial safety factor analysis 1s
conducted for the upper and lower completion string. The
axial safety factor analysis compares the yield strength in
tension or compression of the entire completion string with
calculated effective axial tensile or compressive forces to
which the entire completion string would be subject when
positioned in the wellbore. The calculations consider the
length of tubular sections of the entire completion string, the
number and position of packers, and the kind, number, and
position of the connections (such as threaded connections)
between the components. In some embodiments, the axial
safety factor analysis can be conducted using commercially
available software. For example, the WELLCAT™ brand
program available from Landmark Graphics Corporation
includes a component that performs stress analysis for
tubulars, known as the “TUBE” design module. The TUBE
design module analyzes tubing loads and movements, buck-
ling behavior, and design integrity under complex mechani-
cal, fluud pressure, and thermal loading conditions. The
WELLCAT program can predict failures such as tubing
collapse, buckling, triaxial (von Mises) stress failure, axial
stress failure, and yield strength limit failures.

At step 306, it 1s determined whether the axial safety
factor analysis for the upper and lower completion string
meets the acceptable axial design factor threshold. In some
embodiments, the acceptable axial design factor threshold
would be 11 the yield strength (in tension or compression of
the completion string) divided by the calculated effective
axial tensile or compressive force (to which the completion
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string would be subject when positioned 1n the wellbore) 1s
greater than one. In some embodiments, the acceptable
threshold would include an additional safety factor; for

example 11 the result of the division 1s 1.1 or greater.

IT at step 306 the upper and lower completion string does
not meet the acceptable axial design factor threshold, then
the method proceeds back to 302 wherein the tubular design
1s reviewed and revised as necessary.

If at step 306 the upper and lower completion string does
meet the axial design factor threshold, then the method
proceeds to step 308 wherein one stage of the lower comple-
tion string 1s selected for the advanced evaluation of steps
310 through 336. In advanced evaluation, in contrast to the
evaluation conducted 1n steps 304 and 306, an axial factor
design analysis 1s conducted for each individual stage of the
multi-stage design, and details regarding the individual
stages and the corresponding frac interval (such as dogleg
severity, measured hole size, packer placement, freedom of
movement, and others) are used in calculating the expected
cllective stresses with respect to that stage. As with step 304,

in some embodiments, a commercially available software,
such as WELLCAT, can be used for the advanced axial
tactor design analysis of the individual stages.

After a stage 1s selected for analysis, the method proceeds
to step 310 wherein the axial safety factor analysis of that
stage 1s conducted, specifically considering the extent to
which the respective tubular stage assembly would be pre-
dicted to elongate or contract when the lower completion
string 1s positioned in the wellbore and the plurality of
packers are set. The nature and extent of lateral movement
of the packers depends on several parameters, including,
frictional resistance to movement from stress against open
hole that 1s introduced from packer setting forces, number of
packers 1n the designed lower completion, contact length of
packer with open hole, and, presence and position of any
latching or anchoring tools in the lower completion. The
conditions that cause the pipe to move or not depend on
whether the above combined resistance to movement of the
lower completion 1s exceeded during stimulation by axial
forces created from pipe cooling and ballooning, and any
differential piston forces induced during stimulation. The
extent to which the lower completion string can move can
result 1in different pipe stresses when subjected to different
pressures and temperatures. In some embodiments, for
example, the axial safety factor analysis assumes a lack of
such freedom of movement (such as by assuming an anchor
1s included 1in the completion and/or the existence of high
frictional resistance to movement) and determines whether a
lack of such freedom of movement can result 1in the stage
exceeding 1ts yield strength.

The method then proceeds to step 312, wherein 1t 1s
determined whether the stage meets the acceptable axial
design factor threshold for that stage, considering the extent
to which the respective tubular stage assembly would be
predicted to elongate or contract as inputted 1n step 310. IT
at step 312 the stage does not meet the axial design factor
threshold, then the method proceeds to step 350 wherein a
possible tubular failure 1s flagged and the stage and/or the
rest of the lower completion may be redesigned as necessary.
In some embodiments, at step 350, the flagging can be 1n the
form of an alarm generated by the modeling software. In
some embodiments, after step 350, the distance between the
packers can be reviewed and adjusted as a potential solution
in re-designing the stage completion to manage the adverse
axial stresses, in which case the method proceeds to step 314
as described below.
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IT at step 312 the stage does meet the axial design factor
threshold, then the method proceeds to step 314 wherein an
axial safety factor analysis i1s conducted considering the
distance between packers for the stage. A shorter distance
between the packers (assuming high resistance to move-
ment) can result in a more taut string and thus increased
stresses for that stage. In some embodiments, the distance
between the packers can change due to axial stresses.

The method then proceeds to step 316, wherein 1t 1s
determined whether the stage meets the acceptable axial
design factor threshold for that stage, considering the dis-
tance between the packers for the stage as mputted 1n step
314. It at step 316 the stage does not meet the axial design
factor threshold, then the method proceeds to step 350
wherein a possible tubular failure 1s flagged and the stage
and/or the rest of the lower completion may be redesigned
as necessary.

IT at step 316 the stage does meet the axial design factor
threshold, then the method proceeds to step 318 wherein the
actual hole size of the frac interval corresponding to the
stage 1s considered in the axial safety factor analysis. In
contrast to step 304 1n which an assumed hole size for the
entire wellbore may be assumed (based on the size of the
drill bit), 1n step 318 a measured hole size for the frac
interval using caliper data can be used. Variations in hole
s1zes will result 1n different cross-sectional areas and hence
different stresses for the axial safety factor analysis.

The method then proceeds to step 320, wherein it 1s
determined whether the stage meets the acceptable axial
design factor threshold for that stage, considering the mea-
sured hole size for the frac interval of the stage as inputted
in step 318. If at step 320 the stage does not meet the axial
design factor threshold, then the method proceeds to step
350 wherein a possible tubular failure 1s flagged and the
stage and/or the rest of the lower completion may be
redesigned as necessary.

IT at step 320 the stage does meet the axial design factor
threshold, then the method proceeds to step 322 wherein the
planned time delay since the fracturing of the previous stage
1s considered 1n the axial safety factor analysis. As described
above, 1n multi-stage fracturing, several stages are frac’d 1n
sequence. The time delay between the fracs can be a couple
of hours 1n some cases to greater than twenty-four hours. A
longer time period between fracs can result 1n a higher
differential pressure across the packers during the fracturing
operations for the respective stages, thus resulting 1n higher
stresses on the tubular components of that stage.

The method then proceeds to step 324, wherein 1t 1s
determined whether the stage meets the acceptable axial
design factor threshold for that stage, considering the
planned time delay between the stages as mnputted 1n step
322. If at step 324 the stage does not meet the axial design
factor threshold, then the method proceeds to step 350
wherein a possible tubular failure 1s flagged and the stage
and/or the rest of the lower completion may be redesigned
as necessary.

IT at step 324 the stage does meet the axial design factor
threshold, then the method proceeds to step 326 wherein
possible variation 1n the actual reservoir pressure at the stage
1s considered in the axial safety factor analysis. Although
reservolr pressure may be measured and/or calculated, some
variation 1n actual reservoir pressure may be expected at the
time of fracturing of the individual stage and this range of
pressures can ailect stresses on the tubular components.
Theretfore, the axial safety factor analysis 1s conducted for
the stage assuming that the reservoir pressure when the stage
1s frac’ed may be from about 10% lower to about 10%




US 11,719,083 B2

11

higher than reservoir pressure predicted during the design
phase. It should be noted that the advanced analysis 1s based
on the assumption that the burst and collapse safety design
factors are acceptable from the 1nitial tubular design in step
302 and there are no change 1n pressures. In step 326 if the
reservolr pressure 1s assumed to be below the 1nitial assump-
tion (more critical scenario), then the tubular design will be
re-evaluated using the new applicable burst/collapse safety
design factors. The completion designer will be 1n a better
position at the time of the assessment to account for the
pressure uncertainty i 1t exists.

The method then proceeds to step 328, wherein i1t 1s
determined whether the stage meets the acceptable axial
design factor threshold for that stage, considering the pos-
sible variation 1n reservoir pressure as inputted 1n step 324.
IT at step 328 the stage does not meet the axial design factor
threshold, then the method proceeds to step 350 wherein a
possible tubular failure 1s flagged and the stage and/or the
rest of the lower completion may be redesigned as necessary.

IT at step 328 the stage does meet the axial design factor
threshold, then the method proceeds to step 330 wherein
possible variation 1n the temperature in the circulating frac
fluid 1s considered 1n the axial safety factor analysis. Some
variation in ifrom the calculated expected bottombole circu-
lating frac fluid temperature may be expected at the time of
fracturing of the individual stage and this range of tempera-
tures can aflect stresses on the tubular components. There-
fore, the axial safety factor analysis 1s conducted for the
stage assuming that the circulating temperature when the
stage 15 frac’ed may be from about 13% lower to about 15%
higher than the calculated bottomhole circulating tempera-
ture. The completion designer will be 1n a better position at
the time of the assessment to account for the temperature
uncertainty 1t 1t exists.

The method then proceeds to step 332, wherein 1t 1s
determined whether the stage meets the acceptable axial
design factor threshold for that stage, considering the range
of circulating temperatures as iputted in step 328. It at step
332 the stage does not meet the axial design factor threshold,
then the method proceeds to step 350 wherein a possible
tubular failure 1s tlagged and the stage and/or the rest of the
lower completion may be redesigned as necessary.

IT at step 332 the stage does meet the axial design factor
threshold, then the method proceeds to step 334 wherein the
dog-leg severnity and tubular eccentricity of the stage 1is
considered in the axial safety factor analysis. Dog-leg sever-
ity (DLS) 1s a measure of the amount of change in the
inclination, and/or azimuth of a borehole, usually expressed
in degrees per 100 feet of course length (or degrees per 30
meters of course length). Micro DLS 1s localized DLS that
may not be captured 1n standard DLS measurements. The
values of micro DLS can be higher than DLS. Bending stress
1s a function of modulus of elasticity and DLS; therefore 1f
the micro DLS values are higher it can impact stress
analysis. Micro-DLS values can be obtained from high-
definition directional surveys performed while dnlling the
well. Pipe eccentricity 1s calculated on how well the tubulars
of the stage are predicted to be centralized in the wellbore.
It 1s expected that more stress will result 1n the pipe from
bending moment in a crooked, eccentric pipe than a straight,
smooth, centralized pipe.

The method then proceeds to step 336, wherein 1t 1s
determined whether the stage meets the acceptable axial
design factor threshold for that stage, considering the micro-
DLS and eccentricity as inputted 1n step 332. If at step 336
the stage does not meet the axial design factor threshold,
then the method proceeds to step 350 wherein a possible
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tubular failure 1s tlagged and the stage and/or the rest of the
lower completion may be redesigned as necessary.

IT at step 336 the stage does meet the axial design factor
threshold, then the method proceeds to step 338 wherein 1t
1s determined whether all stages of multi-stage lower
completion have undergone advanced evaluation (1.e., have
been analyzed using steps 310-336). If all stages have not
undergone advanced analysis, the method proceeds to step
342 wherein a next stage 1s selected for advanced analysis.
After step 342 wherein the next stage for advanced evalu-
ation 1s selected, then the method returns to step 310 wherein
the advanced evaluation begins for that next stage.

If at step 338 1t 1s determined that all stages have
undergone advanced evaluation and each stage has met the
axial design factor threshold, the method proceeds to step
340 wherein the lower completion string 1s mserted into the
wellbore. At step 342, the multi-stage frac job performed as
described above with respect to FIG. 1. After the frac job 1s
performed, hydrocarbons can be produced from the well
using conventional procedures.

It will be understood that the steps 310 through 336 may
in some embodiments be conducted 1n sequence or 1n
parallel. It will be further understood that steps 310, 314,
318, 322, 326, 330, and 334 for a stage may 1n some
embodiments be considered simultaneously 1n a single axial
safety factor analysis; 1.e., that determination steps 312, 316,
320, 324, 328, 332, and 336 can combined into a single
determination step for that stage. It will be turther under-
stood that, in some embodiments, some (one or more) of
steps 310, 314, 318, 322, 326, 330, and 334 (and their
corresponding determination steps 312, 316, 320, 324, 328,
332, and 336) may be omitted from the enhanced analysis,
and/or other stage-specific analyses may be conducted. In
some embodiments, 11 at any of the determination steps
312,316, 320, 328, 332, and/or 336 the stage does not meet
the axial design factor threshold and step 350 1s flagged for
possible tubular failure condition, then the lower completion
may be redesigned by selectively using the same evaluation
steps 310, 314, 318, 322, 326, 330 and 334 with different
input parameters that can be physically controlled

(e.g.
spacing between packers, higher strength tubulars, main-
taining pressure and temperature limits during the hydraulic
fracturing treatment as shown 1n FIG. 4 and FIG. 5).

FIG. 4 1s an 1llustration of calculated axial loads aflecting
a stage ol a multi-stage hydraulic frac job 1n accordance with
an embodiment of the present disclosure. Specifically, FIG.
4 1llustrates the modeled axial load (with bending) of tubular
components of a fourth stage of a multi-stage hydraulic frac
10b (such as fourth stage 118 of lower completion string 108
of FIG. 1).
The frac port for the fourth stage of FIG. 4 1s at 16,988
feet total depth. The axial load modeled data for FIG. 4
assumes that there has been suflicient delay between stages
for the wellbore pressure to return to reservoir pressure.
Curve 402 represents axial load for the fourth stage, assum-
ing a uniform wellbore diameter and straight hole based on
the diameter of the drnll bit. Curve 404 represents axial load
for the fourth stage, using actual measured hole diameter for
the wellbore at the fourth stage frac interval, based on an
high definition wellbore caliper log which provides an
accurate measurement of the open hole diameter. Curve 406
represents axial load for the fourth stage, using actual
measured hole diameter for the wellbore at the fourth stage
frac interval, based on the high-definition caliper log, and
also measured actual dog-leg severity for that frac interval,
based on directional survey data. Curve 404 shows the more
axial load than curve 402, and curve 406 shows more axial
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load than curve 404, as additional stage-specific parameters
(1.e., actual wellbore diameter and dog-leg severnity) are
added to the model. Additionally, the modeling shows that
curves 402, 404, and 406 all exceeded the 500,000 1bt pipe
strength limit 1n this particular case.

FIG. 5 1s an illustration of calculated axial loads aflecting
a stage ol a multi-stage hydraulic frac job 1n accordance with
an embodiment of the present disclosure. Specifically, FIG.
5 1llustrates the modeled axial load (with bending) of tubular
components of a fifth stage of a multi-stage hydraulic frac

10b (such as fifth stage 120 of lower completion string 108
of FIG. 1).

The frac port for the fifth stage of FIG. 4 1s at 15,899 feet
total depth. The axial load modeled data for FIG. § assumes
that there has been suflicient delay between stages for the
wellbore pressure to return to reservoir pressure. Curve 502
represents axial load for the fifth stage, assuming a uniform
wellbore diameter and straight hole based on the diameter of
the dnill bit. Curve 504 represents axial load for the fifth
stage, using actual measured hole diameter for the wellbore
at the fifth stage frac interval, based on an high definition
wellbore caliper log which provides an accurate measure-
ment of the open hole diameter. Curve 506 represents axial
load for the fifth stage, using actual measured hole diameter
tor the wellbore at the fifth stage frac interval based on the
high-definition caliper log, and also measured actual dog-leg
severity for that frac interval, based on directional survey
data. Curve 504 shows the more axial load than curve 502,
and curve 506 shows more axial load than curve 504, as
additional stage-specific parameters (1.e., actual wellbore
diameter and dog-leg severity) are added to the model. In all

these cases, the stresses do not exceed the equipment
strength threshold of 500,000 1bf. Three additional loads

(curves 308, 510, and 512) are thereafter modeled 1n this
same plot which account for a proppant “screen-out” sce-
nario. Proppant screen-out occurs in a proppant fracturing,
treatment where the hydraulic fracture created downhole in
the formation cannot accept the amount of proppant being,
pumped and 1t plugs up creating an abnormal, unplanned
increase 1n treating pressure. This eventuality 1s modeled as
screen-out scenario and the additional pressures witnessed
can be 15%-25% higher than planned pressures. The curves
show that 1n such a scenario the equipment 1s approaching
the failure limiat.

The information in FIGS. 4 and 5 1illustrates some of the
factors that come into play in the two stages (stage 4 and
stage 5) that were modeled. The location of the frac port 1n
relation to the openhole packer can be particularly impor-
tant. In stage 4 (FIG. 4), keeping the frac port too close to
the pipe anchor resulted 1n higher axial stresses at lower
treating pressures. In stage 5 (FIG. 5), the longer distance
between the packers and the frac port resulted 1n better axial
stress management.

While this specification contains many specific imple-
mentation details, these should not be construed as limita-
tions on the scope of what may be claimed, but rather as
descriptions of features that may be specific to particular
implementations. Certain features that are described 1n this
specification 1n the context of separate implementations can
also be implemented, 1n combination, 1n a single implemen-
tation. Conversely, various features that are described 1n the
context of a single implementation can also be implemented
in multiple 1mplementations, separately, or in any sub-
combination. Moreover, although previously described fea-
tures may be described as acting 1n certain combinations and
even 1mmtially claimed as such, one or more features from a
claimed combination can, 1n some cases, be excised from the
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combination, and the claamed combination may be directed
to a sub-combination or variation of a sub-combination.

As used 1n this disclosure, the terms “a,” “an,” or “the” are
used to include one or more than one unless the context
clearly dictates otherwise. The term *““or” 1s used to refer to
a nonexclusive “or” unless otherwise indicated. The state-
ment “at least one of A and B has the same meaning as “A,
B, or A and B.” In addition, 1t 1s to be understood that the
phraseology or terminology employed 1n this disclosure, and
not otherwise defined, 1s for the purpose of description only
and not of limitation. Any use ol section headings 1is
intended to aid reading of the document and 1s not to be
interpreted as limiting; information that i1s relevant to a
section heading may occur within or outside of that particu-
lar section.

Particular implementations of the subject matter have
been described. Other implementations, alterations, and
permutations of the described implementations are within
the scope of the following claims as will be apparent to those
skilled 1n the art. While operations are depicted in the
drawings or claims 1n a particular order, this should not be
understood as requiring that such operations be performed in
the particular order shown or 1n sequential order, or that all
illustrated operations be performed (some operations may be
considered optional), to achieve desirable results. In certain
circumstances, multitasking or parallel processing (or a
combination of multitasking and parallel processing) may be
advantageous and performed as deemed appropriate.

Moreover, the separation or integration of various system
modules and components 1n the previously described imple-
mentations should not be understood as requiring such
separation or integration in all implementations, and it
should be understood that the described components and
systems can generally be integrated together or packaged
into multiple products.

Accordingly, the previously described example imple-
mentations do not define or constrain the present disclosure.
Other changes, substitutions, and alterations are also pos-
sible without departing from the spirit and scope of the
present disclosure.

What 1s claimed 1s:

1. A method comprising:

designing a lower completion string for a multi-stage

hydraulic fracturing job for a wellbore drlled mto a
subterrancan zone, the lower completion string com-
prising a plurality of stages and a plurality of packers
configured to 1solate each of the stages, each stage of
the plurality of stages comprising a respective tubular
stage assembly, each stage configured to be placed
within a respective one of a plurality of frac intervals of
the wellbore defined by the plurality of packers,
wherein designing the lower completion string com-
prises, for each stage of the plurality of stages:
receiving a measured hole diameter of the respective
one of the plurality of frac intervals;
performing an axial safety factor analysis of the stage,
the axial safety factor analysis comprising a com-
parison of a yield strength 1n tension or compression
of the respective tubular stage assembly of the stage
with calculated eflective axial tensile or compressive
forces to which the respective tubular stage assembly
of the stage would be subject when positioned in the
frac interval 1n the wellbore during the multi-stage
hydraulic fracturing job, and wherein the axial safety
factor analysis uses:
a predicted anchored status of the lower completion
string, wherein the predicted anchored status com-
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prises an extent to which the respective tubular
stage assembly would be predicted to elongate or
contract when the lower completion string 1s posi-
tioned 1n the wellbore and the plurality of packers
are set;

a distance between a first packer of the plurality of
packers 1solating the stage and a second packer of
the plurality of packers 1solating the stage; and

the measured hole diameter of the respective frac

interval;
determining that the axial safety factor analysis for each
stage of the plurality of stages satisfies a threshold; and
in response to the determining that the threshold 1s
satisfied for each stage of the plurality of stages,
inserting the lower completion string into the wellbore
and performing the multi-stage hydraulic fracturing
10b.

2. The method of claim 1, wherein the distance between
the first packer of the plurality of packers 1solating the stage
and the second packer of the plurality of packers 1solating
the stage changes due to axial stress.

3. The method of claim 1, wherein performing the axial
safety factor analysis of the stage further uses a range of
possible borehole temperatures of the respective frac inter-
val, said range at least about 15% greater or less than a
calculated expected borehole temperature of the respective
frac interval.

4. The method of claim 1, wherein performing the axial
safety factor analysis of the stage further uses a range of
possible reservoir pressures at the respective frac interval,
said range at least about 10% greater or less than a predicted
reservolr pressure at the respective frac interval.

5. The method of claim 1, wherein performing the axial
safety factor analysis of the stage further uses a predicted
time delay between injection of frac fluid from a first stage
of the plurality of stages and injection of frac fluid from a
second stage of the plurality of stages, wherein the stage 1s
the second stage.

6. The method of claim 1, wherein performing the axial
safety factor analysis of the stage further uses a measured
dog-leg severity of the respective one of the plurality of frac
intervals.

7. A computer-implemented method, the method compris-
ng:

for a design for a lower completion string for a multi-stage

hydraulic fracturing job 1 a wellbore drilled into a
subterrancan zone, the lower completion string com-
prising a plurality of stages and a plurality of packers
configured to 1solate each of the stages, each stage of
the plurality of stages comprising a respective tubular
stage assembly, each stage configured to be placed
within a respective one of a plurality of frac intervals of
the wellbore defined by the plurality of packers, for
cach stage of the plurality of stages:
receiving a measured hole diameter of the respective
one of the plurality of frac intervals;
performing an axial safety factor analysis of the stage,
the axial safety factor analysis comprising a com-
parison of a yield strength in tension or compression
of the respective tubular stage assembly of the stage
with calculated eflective axial tensile or compressive
forces to which the respective tubular stage assembly
of the stage would be subject when positioned in the
frac interval 1n the wellbore during the multi-stage
hydraulic fracturing job, and wherein the axial safety
factor analysis uses:
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a predicted anchored status of the lower completion
string, wherein the predicted anchored status com-
prises an extent to which the respective tubular
stage assembly would be predicted to elongate or
contract when the lower completion string 1s posi-
tioned 1n the wellbore and the plurality of packers
are seft;
a distance between a first packer of the plurality of
packers 1solating the stage and a second packer of
the plurality of packers 1solating the stage; and
the measured hole diameter of the respective of the
plurality of frac intervals;
determiming that the axial safety factor analysis for each
stage of the plurality of stages satisfies a threshold; and

in response to the determining that the threshold 1s
satisfied, outputting an analysis that the axial safety
factor analysis for the plurality of stages satisfies the
threshold.

8. The computer-implemented method of claim 7,
wherein the distance between the first packer of the plurality
of packers 1solating the stage and the second packer of the
plurality of packers i1solating the stage changes due to axial
Stress.

9. The computer-implemented method of claim 7,
wherein performing the axial safety factor analysis of the
stage further uses a range ol possible borehole temperatures
of the respective frac interval, said range at least about 15%
greater or less than a calculated expected borehole tempera-
ture of the respective frac interval.

10. The computer-implemented method of claim 7,
wherein performing the axial safety factor analysis of the
stage further uses a range of possible reservoir pressures at
the respective frac interval, said range at least about 10%
greater or less than a predicted reservoir pressure at the
respective frac interval.

11. The computer-implemented method of claim 7,
wherein performing the axial safety factor analysis of the
stage further uses a predicted time delay between 1njection
of frac fluid from a first stage of the plurality of stages and
injection of frac fluid from a second stage of the plurality of
stages, wherein the stage 1s the second stage.

12. The computer-implemented method of claim 7, fur-
ther comprising receiving a measured dog-leg severity of the
respective one of the plurality of stages, and wherein per-
forming the axial safety factor analysis of the stage further
uses the measured dog-leg severity.

13. The computer-implemented method of claim 7, fur-
ther comprising, in response to the determiming that the
threshold 1s not satisfied, outputting alarm that the axial
safety factor analysis for the plurality of stages does not
satisly the threshold.

14. A non-transitory computer readable medium storing
computer mstructions, executable by one or more processors
to perform operations, the operations comprising:

for a design for a lower completion string for a multi-stage

hydraulic fracturing job 1n a wellbore, the lower
completion string comprising a plurality of stages and
a plurality of packers configured to 1solate each of the
stages, each stage of the plurality of stages comprising
a respective tubular stage assembly, each stage config-
ured to be placed within a respective one of a plurality
of frac intervals of the wellbore defined by the plurality
of packers, for each stage of the plurality of stages:
receiving a measured hole diameter of the respective
one of the plurality of frac intervals;
performing an axial safety factor analysis of the stage,
the axial safety factor analysis comprising a com-
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parison of a yield strength 1n tension or compression
ol the respective tubular stage assembly of the stage
with calculated eflective axial tensile or compressive
forces to which the respective tubular stage assembly
of the stage would be subject when positioned in the
frac interval 1n the wellbore during the multi-stage
hydraulic fracturing job, and wherein the axial safety
factor analysis uses:
a predicted anchored status of the lower completion
string, wherein the predicted anchored status com-
prises an extent to which the respective tubular
stage assembly would be predicted to elongate or
contract when the lower completion string 1s posi-
tioned 1n the wellbore and the plurality of packers
are set;
a distance between a first packer of the plurality of
packers 1solating the stage and a second packer of
the plurality of packers i1solating the stage; and
the measured hole diameter of the respective of the
plurality of frac intervals;
determining that the axial safety factor analysis for each
stage of the plurality of stages satisfies a threshold; and

in response to the determining that the threshold 1s
satisfied, outputting an analysis that the axial safety
factor analysis for the plurality of stages satisfies the
threshold.

15. The non-transitory computer readable medium storing
computer instructions of claim 14, wherein the distance
between the first packer of the plurality of packers 1solating
the stage and the second packer of the plurality of packers
1solating the stage changes due to axial stress.

16. The non-transitory computer readable medium storing
computer mstructions of claim 14, wherein performing the
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axial safety factor analysis of the stage further uses a range
of possible borehole temperatures of the respective frac
interval, said range at least about 15% greater or less than a
calculated expected borehole temperature of the respective
frac interval.

17. The non-transitory computer readable medium storing
computer mstructions of claim 14, wherein performing the
axial safety factor analysis of the stage further uses a range
ol possible reservoir pressures at the respective frac interval,
said range at least about 10% greater or less than a predicted
reservoir pressure at the respective frac interval.

18. The non-transitory computer readable medium storing
computer instructions of claim 14, wherein performing the
axial safety factor analysis of the stage further uses a
predicted time delay between injection of frac fluid from a
first stage of the plurality of stages and 1njection of frac fluid
from a second stage of the plurality of stages, wherein the
stage 1s the second stage.

19. The non-transitory computer readable medium storing
computer 1structions of claim 14, wherein the operations
turther comprise receiving a measured dog-leg severity of
the respective one of the plurality of stages, and wherein
performing the axial safety factor analysis of the stage
further uses the measured dog-leg severity.

20. The non-transitory computer readable medium storing,
computer mstructions of claim 14, wherein the operations
further comprise, 1n response to the determining that the
threshold 1s not satisfied, outputting alarm that the axial
safety factor analysis for the plurality of stages does not

satisty the threshold.
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